In this study, sorption of gaseous SO 2 on nitrogen-modified titanium dioxide (TiO 2 /N) materials was investigated. The TiO 2 /N materials were prepared by thermal modification of commercial TiO 2 in gaseous ammonia flow. First, TiO 2 was calcined at 100-700 °C (Dt = 200 °C). The obtained samples were then rinsed with water to remove the residual ammonium groups adsorbed on the TiO 2 surface. The influence of modification temperature, BET surface area, pore volume and nitrogen content on the efficiency of SO 2 sorption on TiO 2 surface was discussed. The best result was obtained for nitrogenmodified material that is heat treated at 100 °C. The total sorption capacity calculated for this sample was 20.96 mg SO 2 /1 g TiO 2 . It was shown that TiO 2 modified with nitrogen at low temperature can be a very effective sorbent in capturing SO 2 particles.
INTRODUCTION
Progress of civilization and industry contributes to the improvement of living standards, but unfortunately it has a negative impact on the environment (e.g. discharge of pollutant into the atmosphere). Air pollution has a negative impact on human health (Kim et al. 2013) and is classified as a major environmental problem (Gimeno et al. 2001) . SO 2 is an important anthropogenic air pollutant and its main sources are combustion processes, manufacturing and agriculture processes and transportation. The presence of sulphur dioxide in the atmosphere is very disadvantageous, because of the high probability of chemical reactions involving SO 2 . For example, in contact with water, SO 2 is converted into sulphuric acid (Usher et al. 2013) , which is very dangerous for people and also leads to corrosion and degradation of buildings, in addition to causing acid rain.
One of the very well-known routes for SO 2 removal is adsorption on activated carbons (Martin et al. 2002; Atanes et al. 2012; Arcibar-Orozco et al. 2013) . Recently, there is a growing interest on SO 2 adsorption onto the surface of TiO 2 (Zhang and Lindan 2003; Ao et al. 2004; Winter et al. 2009; Wanbayor and Ruangpornvisuti 2010; Baltrusaitis et al. 2011) . Ao et al. (2004) studied the adsorption of gaseous SO 2 onto commercial TiO 2 -P25, TiO 2 -P25 coated on a glass fibre filter and blank glass fibre filter. Their results showed that approximately 75% and 77% of SO 2 were adsorbed on the blank fibre filter and on the glass fibre filter coated with TiO 2 -P25, respectively. However, on the TiO 2 -P25 surface, no adsorption of SO 2 was observed. It was also shown that the imposition of TiO 2 on the glass fibre filter is very cost effective. Baltrusaitis et al. (2011) examined the dependence of adsorption rate on titania surface under different environmental conditions of molecular oxygen, relative humidity and presence or absence of UV-VIS light radiation. Adsorption of SO 2 on two different TiO 2 samples with 4 and 32 nm of anatase crystalline size was compared. SO 3 predominant species was found under all conditions; however, in the absence of UV-VIS irradiation due to the existence of favourable conditions for TiO 2 surface hydroxyl groups to react with SO 2 particles, sulphite was formed. The exposure of tested samples to light results in oxidation of SO 2 particles and formation of sulphate groups, which are adsorbed on the TiO 2 surface. It is possible to observe/identify new species such as chemisorbed SO 2 and TiOS on the TiO 2 sample with reduced nanoparticles surfaces due to site blocking by adsorbed molecular water. Zhang and Lindan (2003) investigated the adsorption of SO 2 on both ideal and defective TiO 2 (1 1 0) surfaces, and identified the appearance of new SO 2 -, SO 3 -and SO 4 -like adsorbed complexes. The SO 3 -and SO 4 -like species were formed by a sulphate dioxide molecule and by the bridging of oxygen atoms under low temperature conditions. It was also noted that the resultant SO 4 species is very stable above room temperature and the formation of SO 4 -like complexes is possible under oxygen-rich conditions. The SO 3 species were formed at high temperatures as a result of reaction between the SO 4 species and the bridging oxygen. Moreover, it was shown that the adsorption on the damaged surface leads to strong bonding between the pollutant particle and the TiO 2 surface. Using in situ Fourier transform infrared spectroscopy (FTIR) analysis, Topalian et al. (2012) confirmed the sorption of SO 2 and SO 2 ions on the surface of TiO 2 materials. Wanbayor and Ruangpornvisuti (2010) studied the adsorption abilities of two TiO 2 materials, namely, anatase (0 0 1) and anatase (1 0 1), in terms of adsorption energy during SO 2 sorption. Anatase (0 0 1) and anatase (1 0 1) were modelled as Ti 9 O 33 H 30 and Ti 9 O 33 H 42 clusters, respectively. It was found that SO 2 adsorption for the anatase TiO 2 (1 0 1) was stronger than that for the anatase TiO 2 (0 0 1) surface due to the fact that in the case of anatase (0 0 1), sulphur dioxide molecule points its sulphur atom towards surface Ti atom, but in the case of anatase (1 0 1) it points its oxygen atoms. Nisar et al. (2013) studied the adsorption of gaseous SO 2 on anatase TiO 2 with surface defects: TiO 2 (0 0 1) and TiO 2 (1 0 1). Their results showed that surface defects are important to adsorb and sense the gaseous SO 2 . It was noted that after adsorption on defective sites, there is a change in the oxidation state of sulphur from +4 to +3. More importantly, it was found that the surface of TiO 2 (0 0 1) and TiO 2 (1 0 1) exhibits higher adsorption energies than TiO 2 . The TiO 2 (0 0 1) with higher concentration of oxygen vacancies on its surface was found to bind SO 2 more strongly compared with the TiO 2 (1 0 1) surface.
Winter et al. (2009) compared a few solid sorbent materials such as Al 2 O 3 , MgO, SiO 2 , activated carbon and TiO 2 for SO 2 removal. In their study, TiO 2 was shown to be a better adsorbent for SO 2 removal than other materials. The authors pointed out that the important features for an effective sorbent are high surface area, high pore volume, possessing isolated surface -OH groups, mesoporous nature and a polar surface.
In this present study, adsorption abilities of TiO 2 modified with nitrogen during SO 2 removal were investigated. Moreover, the influence of temperature modification of sorbents on adsorption capacity was also studied.
EXPERIMENTAL ANALYSIS 2.1. Materials
A TiO 2 slurry containing 35% of titanium dioxide and 8% of residual sulphuric acid relative to TiO 2 content was used as the base material. TiO 2 slurry was produced by sulphate technology in Grupa Azoty Zaklady Chemiczne 'POLICE' S.A., a chemical plant in Poland. Synthetic ammonia (99.85%) obtained from Messer (Poland) was used as the source of nitrogen.
A mixture of SO 2 (concentration: 500 ppm) and synthetic air (99.999%) was used as a model gas in the adsorption experiment (Messer, Austria).
Preparation of TiO 2 /N Adsorbents
Nitrogen-modified TiO 2 photocatalysts were obtained by thermal modification of the original TiO 2 in a constant gaseous flow of ammonia (60 ml/minute). Approximately 20 g of the initial TiO 2 slurry (as obtained) was placed in the quartz crucible inside the tubular furnace. The material was heated up to programmed temperatures (100, 300, 500 and 700 °C) for 4 hours in a gaseous NH 3 atmosphere. After heating, the furnace was slowly cooled down to room temperature. The prepared materials were then rinsed with 500 ml of distilled water and then dried for 24 hours at 105 °C in a muffle furnace. It is worth mentioning that the unmodified TiO 2 was obtained from the base material (titania slurry) by drying it for 24 hours at 105 °C in a muffle furnace.
Characterization of TiO 2 /N Materials
The surface properties of tested materials were examined using a spectrophotometer (FTIR 4200; Jasco, Tokyo, Japan) equipped with a diffuse reflectance (DR) accessory. The light reflectance abilities of the samples were determined by UV-VIS/DR spectrometry using a UV-VIS V-650 spectrophotometer (Jasco) equipped with an integrating sphere accessory for studying DR spectra. BaSO 4 (POCH, Poland) was used as a reference material. The crystalline structure and relative phase compositions of photocatalysts were examined using X-ray powder diffraction analysis (X'PRO Philips diffractometer) with Cu-K a radiation. The anatase/rutile phase was identified by comparing the measured X-ray diffraction (XRD) patterns with the JCPDS cards. The mean diameter (D) of anatase crystallites (nm) was calculated using the Scherrer equation (Colón et al. 2006) ( 1) where K is the shape factor for spherical particles (= 0.9); l is the wavelength of the X-ray radiation (= 1.54056 Å); q is the diffraction angle (rad); b is the line width at half-maximum height (full-width half maximum).
The ratio of anatase to rutile was examined using the following equation (Colón et al. 2006 ):
( 2) where I A is the diffraction intensities of the (1 0 1) anatase crystalline phase at 2q = 25.3°; I R is the diffraction intensities of the (1 1 0) rutile crystalline phase at 2q = 27.4°. The N 2 -BET specific surface area (SSA) measurements of the materials were carried out based on N 2 adsorption isotherms at 77 K using the QUADRASORB Si analyzer (Quantachrome). Before performing the analyses, the samples were degassed at 105 °C for 12 hours under high vacuum to remove residual water adsorbed on the surface of photocatalysts. The values of the
SSAs (S BET ) were characterized by multi-point analysis of adsorption isotherms using the BET equation. Total nitrogen content in the samples was determined using the LECO ONH836 elemental analyzer (LECO).
SO 2 Sorption Measurement
SO 2 sorption experiment was carried out in a glass column with a fixed bed of a sorbent material placed in a thermostated chamber. The interior of the chamber was made of acid-proof stainless steel. The glass column consisted of three shelves containing 100 mg of each sorbent. The shelves were made of chemically inert synthetic felt resistant material. In this test, synthetic air containing 500 ppm of SO 2 was used as the model air pollutant. The test was conducted at 20 °C. The input air flow rate was 100 ml/minute. During the test, the concentration of SO 2 (signal m/z = 64) was continuously monitored at the outlet of the column, using a mass spectrometer (QGA Gas Analysis System, Hiden Analytical Ltd., Warrington, U.K.). The details of the experimental procedure are described elsewhere (Przepiórski et al. 2012) .
The performance of the test materials was illustrated by a breakthrough curve. For this purpose, a dependency graph of C/C 0 versus time was drawn. The concentrations of C and C 0 were measured at the inlet and outlet of the testing gas from the glass column, respectively. The breakthrough capacity [assigned as Cap (BT) ] was calculated according to the following equation:
( 3) where C 0 is the SO 2 concentration in the initial gas (C 0 = 500 ppm); t (BT) is the column breakthrough time (minutes), when the SO 2 concentration at the outlet of the column reached C/C 0 = 0.05; F R is the flow rate (ml/minute); V mol is the molar volume (V = 22.400 cm 3 /mol); W is the weight of the sorbent in the column (g).
The total capacity (assigned as Cap total, mg SO 2 /g) was calculated by integration of the area between the breakthrough curve and the initial SO 2 line (500 ppm).
RESULTS AND DISCUSSION

FTIR/DR Spectroscopy Analysis
In Figure 1 , the FTIR/DR spectroscopy spectra of unmodified (starting) and nitrogen-modified TiO 2 are presented. It was noted that all of tested photocatalysts show a very broad absorption in the range of 3800-2600 cm -1 , which is characteristic of the O-H stretching mode of interacting hydroxyl groups and the symmetric and asymmetric O-H stretching modes of molecular water coordinating with Ti 4+ ions (Winter et al. 2009 ). The weak band at 3644 cm -1 in the unmodified TiO 2 and TiO 2 /N samples calcined at 100 °C was assigned to the stretching mode of different types of free hydroxyl groups (Janus et al. 2004 ). The narrow band at 1633 cm -1 and the strong band at 970-930 cm -1 were attributed to the molecular water bending mode and phonon modes, respectively (Maira et al. 2001; Kaneko and Okura 2002) . Increase of calcination temperature of the unmodified TiO 2 sample causes a marked reduction in intensity of hydroxyl groups in the wavelength range of 3800-2600 cm -1 and total disappearance of band found at 3644 cm -1 due to 
UV-VIS/DR Analysis
In Figure 2 , the UV-VIS/DR reflectance spectra of the unmodified and nitrogen-modified TiO 2 samples are presented. It can be seen that the samples modified at 500 and 700 °C show an increase of absorbance in the visible region due to the brownish colour of prepared powders and the presence of nitrogen in tested TiO 2 /N adsorbents. It can be also seen that there is a slight shift in the absorption spectrum into the visible region (400-800 nm) for the sample calcined at 700 °C. The confirmation of this may be a reduction in E g value (from 3.28 eV for the unmodified TiO 2 to 2.99 eV for TiO 2 /N-700 °C). However, for the white powder samples modified at lower temperatures compared with the unmodified material, no changes in absorption were observed.
XRD Analysis
The crystallite size and the anatase to rutile phase ratio are listed in Table 1 . Figure 3 shows the XRD patterns of the TiO 2 before and after the modification. After analyzing the reflections, it can be concluded that the unmodified TiO 2 and TiO 2 /N-100 °C materials consist of the anatase phase with a small amount of rutile (up to 4%). It can also be noted that with the increase of heating temperatures, reflections of each phase become more pronounced. The crystallite size of anatase and rutile and the phase composition for the unmodified TiO 2 and TiO 2 /N sorbents modified at 100 °C were practically unchanged. A great increase of rutile phase is observed for TiO 2 /N samples calcined at 700 °C. This can be easily explained by sintering of crystallite in high temperatures (Grzechulska-Damszel et al. 2006 ) and the transformation of anatase to the rutile phase. Figure 3 . XRD patterns of the studied materials.
BET SSA Measurement
The BET SSA values, total pore volume, micropore volume and mesopore volume of unmodified and modified materials are presented in Table 2 . The BET surface area of prepared TiO 2 /N adsorbents changed significantly with the increase of calcination temperature. It can be also seen that the highest BET SSA was calculated for the unmodified titania and photocatalysts modified with nitrogen at 100 °C. For heat-treated samples, it may be associated with embedding a larger amount of nitrogen on the surface (listed in Table 2 ). In the case of materials modified at higher temperatures, there is a substantial decrease of BET SSA in comparison with unmodified and TiO 2 -N materials calcined at 100 °C. Higher temperature of calcination results in sintering of crystallites, which can be seen in their growth, and thus contributes to the reduction of the BET SSA. Figure 4 shows the adsorptiondesorption isotherm plots of the samples studied. In each case, the adsorption-desorption isotherms can be attributed to Type II, although a small hysteresis loop can be observed. In addition, it can been seen that modification of unmodified titania at 100-500 °C and rinsing result in the increase of volume of mesopores.
Adsorption Experiment
The SO 2 adsorption capacities of TiO 2 materials were estimated by generating the breakthrough curves ( Figure 5 ) and are presented in Table 3 . It may be observed that the time required for equilibrium measured for the modified adsorbent obtained at 100 °C is almost six times longer in comparison with unmodified TiO 2 . From the group of nitrogen-modified TiO 2 samples, the sample modified at 700 °C had the shortest equilibrium time (16 minutes). This means that the best result for SO 2 sorption on the surface of tested powders was achieved for the sample assigned as TiO 2 /N-100 °C with total adsorption capacity of 20.96 mg/g. The BET SSA seems to be responsible for the SO 2 sorption capacity of tested materials because the sample (TiO 2 /N-100 °C) with the most developed surface area (273 m 2 /g) and the highest pore volume (0.23 m 3 /g) had the highest Cap (BT) and Cap total (13.38 and 20.96 mg SO 2 /g TiO 2 , respectively), whereas the sample (TiO 2 /N-700 °C) with the smallest BET surface area (20 m 2 /g) and the lowest pore volume had the lowest sorption capacity (1.90 mg SO 2 / g TiO 2 ). In addition, a direct relation between adsorbents' capacity and nitrogen content was found (decrease of nitrogen content caused the decrease of adsorption capacity of prepared samples). The nitrogen content in TiO 2 /N samples strongly depends on calcination temperature-the higher the preparation temperature, the lesser the nitrogen concentration in tested samples. Moreover, preparation of titania-based adsorbents at higher temperature leads to annealing of TiO 2 grains and this causes the decrease of BET surface area (Grzechulska-Damszel et al. 2006) . The combination of high surface area and quite large pore volume provides the best performance. Samples with a low BET surface area have fewer active sites and thus there is much less adsorption of gases. The nitrogen concentration also seems to be significant in dictating the sorption capacity. The materials containing the highest amount of nitrogen in their structure, that is, the sample modified at 100 °C, also exhibit the highest SO 2 sorption capacity. The presence of NH 4 + groups in TiO 2 crystalline lattice leads to change in the character of the photocatalysts surface, which favours the sorption of SO 2 onto TiO 2 . In contrast to the results reported by Baltrusaitis et al. (2011) , no influence of phase composition and crystallite size on sorption abilities of tested samples was proved, but it was confirmed that formation of adsorbed SO 2 can involve sorption with the surface titanium or on the oxygen vacancies.
CONCLUSION
In this study, the sorption of SO 2 on nitrogen-modified TiO 2 was performed. It was shown that all tested titania-based samples can be applied as sorbents for adsorption of gaseous SO 2 . The best result was obtained for nitrogen-modified TiO 2 heated up at 100 °C (TiO 2 /N-100 °C). Total sorption capacity for this powder was 20.96 mg SO 2 /g TiO 2 . On the basis of the result, it was found that the BET surface area, pore volume and nitrogen concentration had a significant impact on the adsorption capacity of TiO 2 . Presence of ammonium groups on the surface of the TiO 2 /N-100 °C sample may contribute to the changes in nature of the surface enhancing the adsorption capacity. Nitrogen groups presented on the surface of TiO 2 /N adsorbents are responsible for the basic character of TiO 2 surface, which greatly facilitates the acidic SO 2 sorption to the surface. Therefore, material with a high adsorption capacity is capable of being applied for the removal of gaseous SO 2 .
